The aim of present study is to investigate the effect of preforms on the synthesis of micro β-SiC. For this purpose, preforms were prepared from commercially available phenol resin and silicon powders by pyrolysing at 650°C and 750°C in vacuum. Then, preforms were hot isostatically pressed (HIPed) at 1400°C for 10 min in an argon atmosphere of 50 MPa to synthesize micro β-SiC. X-ray diffraction analyses showed that the formation of β-SiC was enhanced in the specimens prepared by HIPing the preforms pyrolyzed at 750°C, which might be due the more carbonization and the development of porous structure in the range 600-800°C. Scanning electron microscopy observations revealed the formation of micro-crystals (up to 8 μm in size) with facets in the HIPed specimens. In addition, the degree of crystallites in the specimen obtained from the preforms pyrolyzed at 750°C was higher than the preforms pyrolyzed at 650°C. The energy dispersive spectroscopy showed that crystals were of SiC because the atomic ratio of silicon and carbon atoms in the crystals was almost 1 : 1. The density of the specimens obtained by HIPing the preforms pyrolyzed at 750°C was (3.11 g/cm 3 ) more than the specimens obtained by HIPing preforms pyrolyzed at 650°C (2.95 g/cm 3 ). The HIPing process, in addition to densification, led to the formation and growth of β-SiC.
Introduction
Silicon carbide is well known for its excellent properties such as high hardness, high mechanical strength, chemical inertness, resistance to oxidation and corrosion, thermostability, low coefficient of thermal expansion, high heat conductivity and low density.
1)-6) These mechanical and thermophysical properties of silicon carbide provide many potential applications such as materials reinforcement, grinding materials, polishing paste, catalysis, electronic devices, filters for molten metals or hot gases and high-temperature structural materials. 7)-10) To develop the use of silicon carbide on a wide commercial scales for electronic and optoelectronic applications, one needs to grow large diameter silicon carbide in a single-crystal state with a high crystalline quality and a high control of the level of impurity. 11) In the recent years, this field has been in a constant progress. Therefore, silicon carbide has been used in many important fields.
The carbonized phenolic resins are highly microporous and are being used as a source of carbon for the synthesis of silicon carbide. 12) Qian et al. 13) suggested that during the pyrolysis of phenolic resin, weight loss occurs at about 200°C, and rapidly develops above 450°C, indicating the formation of a great deal of gases. Weight loss rate reaches the maximum value at approximately 550°C, and evidently decreases above 600°C, hardly varies above 800°C. According to Yamashita and Ouchi, 14) weight loss below 450°C is caused by the dehydration reaction of phenolic resin, including thermocuring reaction between hydroxymethyl groups and hydrogen groups within aromatic ring and the condensation reaction between methylene and hydroxyl groups. The condensation aromatic polynuclear structure starts to form above 450°C and develops above 500°C, 15)-18) releasing volatile products such as CH4, H2, CO, CO2, H2O, etc.
Weight loss at approximately 700°C is attributed to further carbonization and dehydrogenation reactions. As a result, uniting phenol compound advances, and the dehydration and depolymerization reactions are promoted. Yang et al. 19) suggested that the carbonization process ends at 800°C and the final carbon yield was about 73% of the starting phenolic resin. Therefore, the carbonized phenolic resins might be used as a source of carbon for the synthesis of silicon carbide
In modern technology, the need for high quality materials represents a vital requirement. Here, basic research is very important in order to understand the growth mechanisms and consequently to improve materials quality by controlling growth conditions and also by investigating new routes to implement the capability of modern growth techniques.
In our previous study, 1) the preforms were obtained by the pyrolysis of commercially available phenolic resin and silicon powders at 850°C; and, then, HIPed between 1300-1400°C to form silicon carbide. But, in the present work, preforms were prepared by pyrolysing at 650°C and 750°C in vacuum. Because carbonization process ends at 800°C with a carbon yield of about 73% of the starting phenolic resin. Therefore, to explore the effect of preforms on the synthesis of β-SiC crystals of several μm in size, preforms prepared at different temperatures were HIPed at 1400°C for 10 min in an argon atmosphere of 50 MPa.
Experimental procedures

Starting materials
The average grain size and mass ratio of the powders used for the preparation of preforms are listed in Table 1 . The mass ratio of phenolic resin and Si powders is calculated in such a way that atomic ratio between carbon and silicon atoms is 1 : 1. But considering the loss of carbon atoms due to evaporation and the
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formation of gaseous molecules during pyrolysis, the designed mass ratio of phenol resin involved with Si powders is larger than the calculated value (phenol resin : Si = 0.67 : 1), as given in Table 1 .
Sample preparation
Phenol resin was dissolved in ethanol at room temperature and then mixed with Si powder to make slurry. The slurry was poured into copper tubes, whose ends were closed by mechanically press, allowing the gases to pass out during heating. Pyrolysis was carried out at 650°C and 750°C by heating the Cu tube in a vacuum furnace (10-15 mPa). The heating rate was 5°C/min with first holding at 200°C for 60 min, and then second holding at 650°C/750°C for 180 min; and then cooled to room temperature under vacuum. The performs pyrolyzed at 650°C and 750°C were named as RS65 and RS75, respectively. After pyrolysis, preforms were taken out from copper tubes and, then encapsulated in steel sheets. The encapsulated preforms were hot isostatically pressed (HIPed) at 1400°C for 10 min in an argon atmosphere of 50 MPa to synthesize micro β-SiC. The heating and cooling rate during HIPing process was 10°C/min.
Properties and morphology investigation
The apparent densities of the pyrolyzed and HIPed specimens were measured by Archimedes method. The microstructure of the polished specimens was observed by using scanning electron microscopy (SEM; XL-30 ESEM Series, FEI Company Ltd., Japan) and the energy dispersive spectrometer (EDS), equipped to the SEM, was used to carry out the elemental analyses. The crystalline structure was observed by X-ray diffraction (Rigaku: Geigerflex; RAD II B), which was performed with Cu irradiation (0.154060 nm) at a scanning rate of 2°/min in 2θ range between 20° and 80°. Figure 1 shows the change in apparent densities of pyrolyzed and HIPed specimens with temperature. The apparent densities of RS65 and RS75 were slightly decreased (from 2.30 to 2.24 g/ cm 3 ) with the rise in pyrolysis temperature, and then increased with a rapid rate due to HIPing process. Since the degradation and degasification of phenolic resin enhances with temperature, low density of the preform RS75 was due to more degasification at higher temperature. On the other hand, the apparent densities of the specimens obtained by HIPing the preforms RS65 and RS75 were 2.95 g/cm 3 and 3.11 g/cm 3 , respectively. Therefore, HIPing process led to the densification of specimens.
Results
Apparent density
XRD analyses
XRD spectra obtained from pyrolyzed and HIPed preforms is shown in Fig. 2 . The preforms pyrolyzed at 650 and 750°C ( Fig.  2(a) ) did not show the formation of cubic silicon carbide. On the contrary, HIPed preforms revealed the formation of β-SiC, as shown in Fig. 2 (b) . The XRD peaks at 2θ = 28.4°, 47.3°, 56.1° belong to (111), (220) peaks of silicon were observed in HIPed RS75 than in RS65 (Fig. 2(b) ). The carbon might be amorphous, because XRD spectra did not show carbon peaks. JCS-Japan 
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Microstructural properties
The cross-sectional SEM photographs of pyrolyzed and HIPed specimens containing pores and embedded particles in the matrices are shown in Fig. 3 . The pores (Fig. 3) were formed by releasing volatile gaseous products. The formation of crystals in the pores and matrices of the HIPed preforms can be seen in Fig.  3(c, d) . The degree of crystallites in the HIPed RS75 is higher than in RS65, which is in agreement with the XRD results where the higher peaks of β-SiC were observed in HIPed RS75 than in
RS65.
The enlarged views of the particles in the pyrolyzed and HIPed specimens are shown in Fig. 4 . The particles have irregular shapes in the pyrolyzed performs. According to the XRD result, the formation of β-SiC was, also, not observed in preforms RS65 and RS75. The particles (up to 8 μm in size) in the HIPed preforms RS65 and RS75 have regularity in their shapes and are partly truncated with facets, which is characteristic of β-SiC particles (Fig. 4(c, d) ). The formation of β-SiC dominates in the XRD spectra obtained from the HIPed preforms, the most of the Si powders converted to β-SiC particles with polyhedral shapes. The polyhedral β-SiC have symmetrical surfaces of the equilateral triangle, rectangle, trapezoid, hexagon, and so on.
EDS investigations
In order to identify the elemental composition of the matrices and particles, EDS analyses were carried out at different points in the matrices and particles in the pyrolyzed and HIPed preforms, as shown in Fig. 5 . According to the EDAX quantification of elements, in the matrices of pyrolyzed preforms RS65 and RS75, the atomic % of C was increased (from 89.95-91.67 atomic %), while that of Si was decreased (from 10.05-8.33 atomic %), as shown in Fig. 5(a) . This suggested that the decomposition of phenolic resin to carbon was enhanced with the rise in pyrolysing temperature. The EDS spectra obtained from the matrices of the HIPed preforms RS65 and RS75 (Fig. 5(b) ) showed the presence of carbon, oxygen and silicon. This means that some reactions took place during HIPing process that yielded the compounds containing oxygen. The atomic % of C and O was decreased from 65.58-52.70 and 8.92-3.58 atomic %, respectively, while the atomic % of Si was increased from 25.50 -43.72 atomic %. Figure 6 shows the EDS spectra obtained from the particles and crystals in the pyrolyzed and HIPed preforms, respectively. According to the EDAX quantification of elements in the particles of the pyrolyzed preforms RS65 and RS75 (Fig. 6(a) ), the atomic % of C increased (68.44-82.30), and that of Si decreased (31.56-17.30). The amount of C involved in particles was less than that involved in matrices. This suggested that particles are agglomerates of Si and C in which the amount of C became larger with the rise in pyrolysing temperature. The atomic % of C atoms in the crystals formed in the HIPed preforms RS65 and RS75 was 51.87 and 48.68%, while the atomic % of Si atoms was 48.13 and 51.32% respectively. The atomic ratios between Si and C atoms in the crystals (in the HIPed preforms RS65 and RS75) was almost 1 : 1. Therefore, this Si/C atomic ratio may be reasonable to be assigned to that of β-SiC, because XRD analysis of HIPed preforms also showed the prominent appearance of β-SiC. 
Discussion
The carbonization of phenolic resin is accompanied with releasing of volatile products such as CH4, H2, CO, CO2, H2O, etc. The carbonization process ends at 800°C and the final carbon yield is about 73% of the starting phenolic resin. 19) Therefore, the carbonized phenolic resins might be used as a source of carbon for the synthesis of silicon carbide.
In our previous study, 1) the preforms were obtained by the pyrolysis of commercially available phenolic resin and silicon powders at 850°C; and, then, HIPed between 1300-1400°C to form silicon carbide. But, in the present work, preforms were prepared by pyrolysing at 650°C and 750°C in vacuum below the carbonization temperature of phenolic resin (800°C).
The change in Gibbs free energies of CO and SiO are -254.256 kJ/mole and -235.682 kJ/mole respectively, which are very closely related to each other. In addition to the degasification during pyrolysis, the pyrolysis reactions convert phenolic matrix to amorphous carbon, the absence of carbon peaks in the XRD analyses (Fig. 2) verified this result. Jackson et al. 20) proposed that the pyrolysis of phenolic resin occurs as oxidation degradation and the decomposed products provide a source of oxygen. EDS analyses showed the presence of Si, C and O in the matrices of HIPed composites. Oxygen may be involved with Si and C in SiO and CO, respectively. According to SEM analyses, the evolution gaseous products during pyrolysis caused the formation of voids in the composites. In addition, in the presence of pores in the composite bodies, carbothermal reactions could occur producing SiO and CO species; and when these gaseous species were entrapped in the porous structure, with PSiO/PCO ratio higher than unity, SiC could be produced. The reactions involved in this step can be summarized as: 21) SiO(g) + 3CO(g) = SiC(S) + 2CO2(g)
Hence, the overall reaction is:
where, g = gas and s = solid Therefore, the nucleation of β-SiC particles might be by the carbothermal reactions of gaseous SiO and CO, as given by Eq.
. And then these β-SiC particles were grown to several μm in size (up to 8 μm). The formation of β-SiC was enhanced in the specimens prepared by HIPing the preforms pyrolyzed at 750°C, which might be due the more carbonization (73% of starting phenolic resin) and the development of porous structure in the range 600-800°C.
Conclusions
Preforms were prepared from commercially available phenol resin and silicon powders by pyrolysing at 650°C and 750°C in vacuum. Then, preforms were HIPed at 1400°C for 10 min in an argon atmosphere of 50 MPa to synthesize β-SiC with several μm in size. The nucleation of β-SiC particles might be by the carbothermal reactions of gaseous SiO and CO; and then these β-SiC particles were grown to several μm in size. The formation of β-SiC was enhanced in the specimens prepared by HIPing the preforms pyrolyzed at 750°C, which might be due the more carbonization and the development of porous structure in the range 600-800°C. The micro-crystals (up to 8 μm in size) with facets were observed in the HIPed specimens. In addition, the degree of crystallites in the specimen obtained from the preforms pyrolyzed at 750°C was higher than the preforms pyrolyzed at 650°C, which might be due the more carbonization and the development of porous structure. The crystals were of SiC because the atomic ratio of silicon and carbon atoms in the crystals was almost 1 : 1. The average apparent density of the specimens obtained by HIPing the preforms pyrolyzed at 750°C was (3.11 g/cm 3 ) more than the specimens obtained by HIPing the preforms pyrolyzed at 650°C (2.95 g/cm 3 ). The HIPing process, in addition to densification, led to the formation and growth of β-SiC.
